The presence of tellurite resistance gene operons has been reported in several human pathogens despite the fact that tellurium, as well as its soluble salts, are both rare in nature and are no longer in use as antimicrobial agents. We have introduced the cloned terWZA-F genes from an uropathogenic Escherichia coli isolate into another clinical E. coli isolate that was shown to be ter -gene free. The presence of the introduced genes increased the level of potassium tellurite resistance, as well as the level of resistance to oxidative stress mediated by hydrogen peroxide; and prolonged the ability of particular strains to survive in macrophages. We therefore propose that the contribution of tellurite resistance genes to oxidative stress resistance in bacteria is at least one reason for their presence in the genomes of a broad range of pathogenic microorganisms.
Introduction
Tellurium is a rare element, present in the environment at very low concentrations. In the past its soluble salts, especially potassium tellurite, were used clinically in humans as antimicrobial agents [1] . As a consequence, many Gram-positive and Gram-negative * E-mail: dvalkova@fns.uniba.sk bacteria developed resistance to potassium tellurite. Different tellurite resistance determinants, giving rise to a variety of minimal inhibitory concentrations (MIC) of K 2 TeO 3 , have been described [2] thus far. High tellurite resistance level, such as MIC over 4 mmol/l, has been ascribed to the ter locus, that was first identified on plasmid pMER610 [3] , and later characterized in detail on the large conjugative plasmid pR478 (IncHI) from Serratia marcescens [4] . The ter operon has also been found on other large conjugative plasmids like pTE53 plasmid from E. coli [5, 6] and pLVPK plasmid from Klebsiella pneumoniae CG43 [7] . The presence of homologous genes has been also detected in Shigella flexneri, Yersinia pestis, Vibrio cholerae, Proteus mirabilis, Deinococcus radiodurans and several different E. coli O157:H7 isolates [8, 9] . High levels of tellurite (concentration over 1024 μg/ml), are currently in use for isolation of many pathogens, including emerging E. coli O157:H7 [10] .
A significant portion of the ter operon has been found on the E. coli O157:H7 chromosome as a part of a large genomic island termed the Tellurite resistance and Adherenceconferring Island (TAI), and also bears other pathogenic determinants such as adhesin, urease and phage protection proteins [11] . This observation is interesting in the context that the horizontal transfer of pathogenicity islands (PAIs) is unquestionably an important tool in microbial evolution [12] . E. coli O157:H7 has acquired two important PAIs in this way: the LEE locus (locus of enterocyte effacement, [13] ) and TAI. Significant genomic variability has been detected for this latter island, and it has been proposed to have arisen independently during the evolution of these emerging pathogens [14, 15] .
In previous efforts to clarify the function of ter genes in the mechanism of tellurite resistance, the only obvious finding was the bioreduction of toxic tellurite salts into black metal inclusions within resistant cells [16] . Why such genes are retained in the absence of tellurite is puzzling. In this study we show that the presence of the ter operon can improve the overall fitness of a bacterial strain by enhancing its chances of survival in the event of a macrophage attack. Thus the presence of this operon provides pathogens with a selective advantage against the primary immune response of the host organism.
Experimental procedures
2.1 E. coli strains, plasmids and media E. coli strains, clinical isolates and plasmids used in this study are listed in Table 1 . The clinical isolates were obtained from several urological departments of hospitals in Bratislava, and have previously been subjected to partial characterization of their sensitivity to antibiotics and plasmid content [17] . All were Sobitol utilizing, but only two were able to grow in the presence of potassium tellurite concentration higher than 4mmol/l (over 1024 μg/ml). These were shown to possess the ter operon. Plasmid pJS4, bearing a significant part of the ter operon [18] , was introduced into ter -gene-free clinical isolates by electroporation. All strains were grown in Luria-Bertani (LB) broth. For solid medium LB broth was supplemented with 1.6% agar. 100 μg/ml of ampicillin was used for recombinant E. coli selection; K 2 TeO 3 (Biomark Laboratories Inc.) in ranges of 0.1 − 5 mmol/l, and H 2 O 2 (pharmaceutical grade) 30 − 60 mmol/l, were used for MIC and oxidative stress assays.
PCR detection of the ter -operon
The presence of all currently known ter genes has been analysed using RT PCR primers designed for by Vavrova et al. [18] . Primers DV1 (AGGGTTATGCTGGTGGTCT) and DV5 (TACGCGCTTCTGCATCATAG) were designed to amplify a part of the ter operon, namely the terD-terE genes representing a 439 bp fragment with a SmaI restriction site present in the S. marcescens amplicon (Acc.N. NC 005 211), but absent in the E. coli O157:H7 sequence of the Sakai strain (Acc.N. NC 002 695). PCR was carried out in a GeneAmp 9700 AB thermocycler in a volume of 25 μl. The reaction mixture contained 2 μl of cell lysate (not more than 100ng of DNA), primers (10 pmol 
minute). PCR products were precipitated, digested by
SmaI restriction endonuclease, then separated by electrophoresis using a 1.5% agarose gel, stained by ethidium bromide and visualized with UV.
MIC and oxidative stress assays
E. coli cells were grown overnight in LB broth before being diluted with fresh media and grown until early the exponential phase of growth (A 600 = 0.2). Cells were then used either for the MIC assay, oxidative stress treatment or the macrophage assay. For the MIC assay, an aliquot (20 μl) was plated onto LB agar containing K 2 TeO 3 ranging from 0.1 − 5 mmol/l. The lowest concentration not permitting visible E. coli growth was taken as the MIC (p < 0.000001 by the χ 2 test).
For the oxidative stress assay, cells were exposed to 30, 35, 40, 45, 50, 55 and 60 mmol/l H 2 O 2 in LB broth for 2 hours at 37
• C with vigorous shaking. The A 600 was then determined and cultures were spread in duplicate onto LB agar in order to determine the number of surviving cells. The lowest concentration that did not permit any visible growth of E. coli was taken as the MIC (p < 0.000001 by the χ 2 test).
Preparation of peritoneal macrophages
12-15-week-old ICR mice from the Dobrá Voda farm (Slovak Republic) were sensitized by the intraperitoneal inoculation of 2 ml of 5% sterile thioglycolate 6 days before use for the preparation of peritoneal macrophages. Mice were euthanized by cervical dislocation and irrigated i.p. with 4×2 ml of sterile Hanks' solution. Pooled peritoneal macrophages were washed with the same solution, resuspended in culture medium (1.4 × 10 6 cells/100 μl) and seeded into 96-well, flat-bottomed micro-titer plates (Sarstedt Inc. USA) at 100 μl per well. The culture medium consisted of RPMI 1640 medium with L-glutamine (PAA Labs. GmbH, Austria), 10% heat-inactivated fetal bovine serum (Life Technologies, Germany) and 40 or 80 μg/ml gentamicin (Lek a.s., Slovenia). This latter, higher concentration of gentamicin was used in the macrophage assay after the adsorption step to inhibit extracellular E. coli growth. After macrophage-plate adsorption at 37
• C in 5% CO 2 atmosphere, the wells were washed three-times with culture medium containing a lower concentration of gentamicin to remove any unadsorbed macrophages. One hundred μl of media was then added to each well. Freshly prepared macrophages were subsequently used for the in vitro assay. The sterility of prepared macrophages was checked during the in vitro macrophage assay.
In vitro macrophage assay and Gimenez staining
E. coli cells (10 4 ) were added to each well of the microtiter plate containing washed adhered macrophages, and culture medium containing 40 μg/ml gentamicin. After 2 hrs adsorption, the media was discarded and the adherent macrophages containing adsorbed bacterial cells were washed carefully with phosphate-buffered saline (PBS) and fresh RPMI1640 medium with 80 μg/ml gentamicin added to inhibit extracellular E. coli growth. After 2, 4, 6, 8, 18 and 24 hrs samples were taken both for microscopy and cultivation; in the latter assay, 20 μl of freeze-thawed suspensions was spread onto LB agar. For microscopy, samples containing macrophages and unfrozen bacterial cells was dried on microscope slides, fixed by heat and stained by Gimenez with carbol-fuchsin, followed by malachite green counterstaining (Gimenez, 1964) [19] . The stained preparations were observed under immersion with 1000× magnification using an Axioskop2+ microscope (Zeiss, Jena, Germany). Images were captured and digitized using a Sony Exwave HAD SSC/DC 50AP videocamera.
Results

Transfer of recloned ter operon
Four out of over 100 uropathogenic E. coli clinical isolates with different level of tellurite resistance were chosen for further examination in this study. Their designations are summarized in Table 1 . Two of them, KL53 and KL6, displaying the highest K 2 TeO 3 MIC were found to contain ter genes using the RT PCR primers, the results of which are shown in Table 1 . Analysis of the amplified ter fragments of strains KL 53 and KL6 was achieved using primers DV1/DV5, designed to amplify the terD-terE region. These primers produce a 439bp DNA fragment with a SmaI restriction site that is present in the Serratia marcescens sequence, but absent in the E. coli O157:H7 Sakai strain sequence. Restriction analysis of the PCR products showed similarity to that of the Serratia marcescens sequence (Figure 1 ). Table 1 List of strains studied with their basic designation.
E. coli strains KL30 and KL36 were shown to be ter operon free (data not shown), and therefore were chosen for transformation with the newly constructed pJS4 plasmid. This plasmid is a subclone of pTE53 bearing the terW -terF genes in the pBluescript cloning vector. Introduction of the ter operon into the chosen E. coli strains resulted in an increase in their resistance to the highest tested concentrations of K 2 TeO 3 ( Table 1 ). The MICs of the transformed strains KL30 was elevated 2.5-fold, and KL36 was elevated 5-fold. The role of the ter operon in oxidative stress resistance. Introduction of ter genes, but not pBluescript itself (data not shown), into the chosen E. coli strains resulted not only in an increased MIC for K 2 TeO 3 , but also in an increased resistance to H 2 O 2 -mediated oxidative stress. The clinical isolates KL30 and KL36 showed more than a 10% increase in their resistance to H 2 O 2 ( 
Table 2
Effect of the introduced ter operon on oxidative stress resistance and microbicidal activity of macrophages.
The laboratory strain MC4100 did not display an increased resistance to H 2 O 2 , however it possessed an already relatively high natural resistance to this agent, probably due to a different mechanism or alteration in cell wall structure.
The function of the ter operon in the macrophage assay
The protective effects of the ter operon in E. coli against oxidative stress and the phagocytic activity of macrophages is shown in Table 2 and Figure 2 . The clinical isolates containing plasmid pJS4, as well as the laboratory strain MC4100 containing the same plasmid, revealed a clear contribution of the ter operon to the resistance of macrophage phagocytic activity (Figure 2) .
Whereas the parental strains were phagocyted and destroyed by macrophages within 2 hrs, with no living cells detectable after 4 hrs, the isogenic strains containing the ter operon in trans showed a 2-fold (DV2 and DV8) and 4-fold (DV9) increase in viability during the in vitro macrophage assay. The strains DV8 and DV9 possessed the maximal viability in this system, with no viable E. coli cells detectable only after 16 hrs of cultivation. The phagocytised bacterial cells were able to withstand the bactericidal activity of macrophages, as shown in Figure 3 .
E. coli cells possessing the ter operon were phagocytosed more slowly, showing extended macrophage opsonization (Figure 3c ). However, once ingested, the E. coli were able to multiply and even destroy macrophages as is shown in Figure 3a . Figure 3b shows a macrophage full of DV9 E. coli cells prior to its destruction. The increased resistance of these bacteria to oxidative stress inside phagolysosomes provides them with a selective advantage in this environment. or without pJS4 plasmid (bearing the terW-F operon) after they were phagocytosed by macrophages. MC4100 is a standard laboratory E. coli strain; KL30 and KL36 are different E. coli clinical isolates; DV2, DV9 and DV8 are their counterparts, containing pJS4 plasmid. Fig. 3 Opsonization of macrophages and phagocytosis of E. coli. a -macrophage destroyed by multiplying DV8 E. coli strain; b -macrophage full of DV8 E. coli strain; c -"opsonized" macrophage with DV9 E. coli strain. 1 cm bar represents 1 mm in real (1000× enlargement)
Discussion
The ter operon has been found in many different pathogenic bacterial species, and tellurite-containing cultivation media has been utilized for the selective isolation of such organisms for years. The operon has already been well characterized on the IncHI2 plasmid, which originated from Serratia marcescens [20] . A similar tellurite resistance determinant was also found on a large conjugative plasmid pTE53, originally obtained from a clinical uropathogenic E. coli isolate [17] . This latter determinant has previously been cloned using both in vitro [6] and in vivo [21] techniques, and described in some detail by our laboratory [18] . A driving force to intensify our studies on this locus has been the discovery of its presence in the newly emerging food-borne pathogen Escherichia coli O157:H7 [14] . Tellurite resistance has further been employed in the commercial selective medium developed by Biosynth T M for the detection of this pathogen [10] . However, the clinical isolates tested in the present study were not detected to be E. coli O157:H7 either by serology or by specific PCR analyses (data not shown). The detection of ter genes on a large conjugative plasmid in E. coli demonstrates the possibility of horizontal gene transfer, which could represent a significant step in the evolution of pathogenic E. coli strains.
The presence of the ter genes within a wide range of pathogenic isolates gives rise to questions regarding their true function in the absence of tellurite. Recently, the induction of ter transcription in Proteus mirabilis by hydrogen peroxide mediated oxidative stress has been reported [22] . In this study, we have shown that the introduction of the ter locus into ter -free E. coli strains resulted in a similar level of increased resistance to oxidative stress caused by hydrogen peroxide.
Many pathogens have developed different mechanisms to withstand the primary immune control of macrophages. These virulence factors range from invasins, responsible for entering phagocyting cells [23] ; the specialized glyoxylate cycle [24] and/or specialized enzymes like superoxide dismutase and alkalic phosphatase in Coxiella burnetii [25] , which detoxify the aggressive environment of phagolysosomes. The survival of pathogens in phagolysosomes depends on the microbe's ability to synthesize the proteins and other cellular components necessary to counter stressful conditions such as oxidative stress.
Based on our results, we propose that ter locus should be considered as an important virulence factor in pathogenic E. coli strains, representing as it does, a remarkable contribution to enterobacterial fitness, enabling them to escape from the primary host immune response. This may be the likely reason why tellurite resistance operon persist within a variety of pathogenic microorganisms in spite of the fact that tellurium is rare in nature, and that these bacteria are not under the selective pressure of tellurite in natural environments. It may be that the resistance is an adventitious consequence, and that there is another function of the ter genes that is more important for their host cell.
